Two strains of dissimilatory iron-reducing bacteria, which could couple lactate oxidation to iron reduction for energy conservation, were isolated from Arctic marine sediment. The strains, IR12 T and IR26, were both Gram-staining-negative, catalase-and oxidase-positive and facultative anaerobes. Their cells were rod-shaped and motile by means of a polar flagellum. Both strains grew in the presence of 0.5-3.5 % (w/v) NaCl, with an absolute requirement for Na + . Both were psychrotolerant since they could grow at 4-28 6C but had an optimum growth temperature of 20 6C. Both grew at pH 4.5-9.0 (optimum, pH 7.5). 
Iron is the fourth most abundant element in the Earth's crust (Weber et al., 2006) . Dissimilatory iron-reducing bacteria (DIRB) are capable of coupling the oxidation of organic matter to the reduction of Fe(III) (Lovley et al., 2004) . DIRB are divided into two major groups based on whether they oxidize multicarbon compounds completely to CO 2 or incompletely to acetate (Coates et al., 1999) . The genus Shewanella is known to harbour DIRB that are incomplete oxidizers (Coates et al., 1999) , including two species, Shewanella putrefaciens and Shewanella oneidensis, that were intensively studied to elucidate the mechanism of dissimilatory iron reduction and, in consequence, widely employed in the development of microbial fuel cells (Gorby et al., 2006; Kim et al., 2002; Ringeisen et al., 2006) . During a study of the diversity of culturable ironreducing bacteria in marine environments, two strains, IR12
T and IR26, affiliated with the genus Shewanella were isolated from an Arctic marine sediment. Here, a polyphasic approach has been used to explore the taxonomy of these two strains.
A sample of Arctic marine sediment was collected at Tempelfjorden (16 u 559 E, 78 u 229 N), a fjord branch on Spitsbergen, the largest island of the Norwegian Svalbard archipelago, into a sterile conical tube. The sample was serially diluted with a seawater medium, made of natural seawater supplemented with 1 mM lactate (as electron donor) and 10 mM ferric citrate (as sole electron acceptor), that had been sterilized by filtration through a 0.22 mm-pore membrane filter (Millipore). The dilutions were dispensed into anaerobic tubes, purged with 100 % N 2 to remove any dissolved oxygen, and then incubated at 20 u C for 2 weeks. An aliquot of the greatest dilution showing turbidity was then spread onto plates of the seawater medium solidified with 1.5 % (w/v) agar. After incubation at 20 u C for 1 week under anaerobic conditions, single colonies that were each surrounded by a clear zone, which were considered positive for iron reduction, were transferred onto fresh plates. The isolated strains were routinely grown in marine broth 2216 (MB; Difco) or on marine agar 2216 (MA; Difco) for further characterization. Some of the cultures grown in MB were mixed with equal volumes of glycerol solution (40 %, v/v) before long-term storage at 280 u C.
Bacterial genomic DNA was extracted from two of the strains, IR12
T and IR26, using a commercial genomic DNA extraction kit (Solgent). The 16S rRNA gene was amplified from the chromosomal DNA using the universal bacterial primers 27F (59-AGAGTTTGATCMTGGCTCAG-39; representing E. coli positions 8-27) and 1492R (59-TACGGYTACCTTGTTACGACTT-39; representing E. coli positions 1492-1510) (Lane, 1991; Weisburg et al., 1991) . The purified PCR products were sequenced by Cosmogentech (Seoul, Republic of Korea) using 27F, 338F, 786R and 1492R (Lane, 1991; Weisburg et al., 1991) . The 16S rRNA gene sequences of strains IR12
T and IR26 determined in this study were each about 1450 nt in length. These sequences were assembled using SeqMan software (DNASTAR) and compared with the 16S rRNA gene sequences of related taxa, which were obtained from the GenBank database. Sequence alignments were performed using the CLUSTAL_X program (Thompson et al., 1997) , with gaps edited using the BioEdit program (Hall, 1999) . Evolutionary distances were calculated using the Kimura two-parameter model (Kimura, 1983) . The MEGA4 program (Tamura et al., 2007) was used to construct phylogenetic trees based on the neighbour-joining and maximumparsimony algorithms (Saitou & Nei, 1987 
]. The cellular fatty acids were saponified, methylated, and extracted according to the protocol of version 6.0 of the Sherlock Microbial Identification System (MIDI, 1999) . The fatty acids were analysed by GC (6890; Hewlett Packard) and identified using the TSBA6 library. The major cellular fatty acids of strains IR12
T and IR26 were C 16 : 0 (17.4 and 13.5 %, respectively) and summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c; 27.9 and 31.1 %, respectively). These fatty acid profiles were similar to those of the closely related type strains (Table 1 ). There were some differences, in the proportions of fatty acids, between the results of this study and those of earlier studies on S. vesiculosa M7 T (Bozal et al., 2009) , S. livingstonensis NF22 T (Bozal et al., 2002) , and S. frigidimarina ACAM 591
T (Bowman et al., 1997) , perhaps caused by between-study differences in cultivation, extraction and/or analytical conditions. In the present study, no C 20 : 5 v3 was detected in strains IR12
T and IR26 or in any of the reference strains, although Bowman et al. (1997) reported that, at least when grown at 10 u C, S. frigidimarina ACAM 591
T did produce this fatty acid.
Isoprenoid quinones were extracted with chloroform/ methanol (2 : 1, v/v), dried by evaporation under vacuum, re-extracted in acetone and then purified by TLC on silica gel (Merck). The ubiquinone and menaquinone fractions obtained by TLC were dissolved in acetone for HPLC analysis, which was performed according to Hiraishi et al. (1996) . The quinones of strains IR12 T and IR26 were identified as ubiquinone-7 (43.1 and 42.6 %, respectively), ubiquinone-8 (46.1 and 42.8 %, respectively) and menaquinone-7 (10.8 and 14.7 %, respectively). These quinones are commonly found in species of the genus Shewanella (Akagawa- Matsushita et al., 1992; Bowman, 2005; Bozal et al., 2002 Bozal et al., , 2009 ). The polar lipids of strains IR12
T and IR26 were extracted and analysed by two-dimensional ascending TLC, as described by Minnikin et al. (1984) . In both novel strains, the major phospholipids were phosphatidylethanolamine and phosphatidylglycerol, with diphosphatidylglycerol and phosphatidyl-N-methylethanolamine identified as minor components (Fig. S2) . The G+C content of the chromosomal DNA extracted (for the 16S rRNA gene amplifications) from each novel strain was evaluated as described by Gonzalez & Saiz-Jimenez (2002) . RNA in the DNA solution was removed by incubation with a mixture of RNase A and T1 (each at 20 U ml 21 ) at 30 u C for 1 h. The genomic DNA G+C contents of strains IR12 T and IR26 were 40.0 and 40.3 mol%, respectively.
The Gram reaction was determined by using a Gram-stain kit (BD) according to the manufacturer's instructions. Catalase activity was investigated in a bubble-production assay with 3 % (v/v) H 2 O 2 and oxidase activity was determined using 1 % (w/v) tetramethyl-p-phenylenediamine. Cell morphology was examined by light microscopy (Eclipse 80i; Nikon) and by transmission electron microscopy (EM-109; Carl Zeiss) after negative staining with 1 % (w/v) phosphotungstic acid. Strains IR12 T and IR26 were both Gram-staining-negative and catalase-and oxidase-positive, with rod-shaped cells that each possessed a polar flagellum (Fig. S3) . With each novel strain, the colonies produced on MA after 3 days at 20 u C measured 2-3 mm in diameter and were tanned orange, circular and convex, with regular edges.
Utilization of various substrates as sole carbon source, enzyme activities and acid production from various carbohydrates (Table 2) were determined by using the API 20NE, API 50CH and API ZYM systems (bioMérieux) according to the manufacturer's instructions. The suspension media used were modified by adding NaCl to give a final concentration of 1 % (w/v). Results were read after incubation at 20 u C for 4 days. Hydrolysis of casein was tested on MA containing 1 % (v/v) skimmed milk. The production of H 2 S was tested on triple-sugar iron agar (Difco), which was also adjusted so that it contained 1 % (w/v) NaCl. The methyl red/VogesProskauer (MR/VP) reaction was determined according to Atlas (2004) . The sensitivity of each novel strain to antibiotics was tested on MA plates using discs containing ampicillin (10 mg), chloramphenicol (25 mg), erythromycin (15 mg), gentamicin (10 mg), kanamycin (30 mg), penicillin G (10 mg), streptomycin (10 mg) or tetracycline (30 mg).
Growth at different temperatures was assessed after 7 days of incubation in MB. Strains IR12 T and IR26 were each able to grow at 4-28 u C (optimum, 20 u C). Tolerance to NaCl was determined in LB broth (0.5 % yeast extract, 1 % peptone) supplemented with NaCl at 0-10 % (w/v). Strains IR12 T and IR26 required sodium ions for growth and grew in the presence of 0.5-3.5 % (w/v) NaCl (optimum between 0.5 and 1 %). In contrast, none of the reference strains (S. vesiculosa M7 T , S. livingstonensis NF22 T and S. frigidimarina ACAM 591 T ) required sodium ions. The response to pH was determined in MB at pH 4.0-11.0 (at intervals of 0.5 pH unit), with incubation at 20 u C for 3 days. The pH of the medium was adjusted with 1 M HCl or 1 M NaOH. Compared with the reference strains, both novel strains grew at a much wider range of pH values (pH 4.529.0, with an optimum of pH 7.5). The physiological characteristics of strains IR12
T and IR26 are summarized in the species description. Selected characteristics of the novel strains are compared with those of closely related type strains in Table 2 . Both novel strains showed anaerobic growth, which was assessed in MB under a gaseous atmosphere of 100 % N 2 .
Dissimilatory iron reduction was tested in acetate/Fe(III) oxide medium (Lovley et al., 1993) after the medium was adjusted to marine salinities by adding NaCl (18 g l
21
) and MgCl 2 . 6H 2 O (4.24 g l 21 ) (Coates et al., 1995) . Sodium acetate (1 mM), sodium DL-lactate (1 mM) or D-glucose (1 mM) was added as an electron donor. The electron acceptors tested were ferric citrate (10 mM), ferric pyrophosphate (10 mM), ferric EDTA (10 mM) and amorphous ferrihydrite (10 mM). Standard anaerobic culturing techniques were followed (Hungate, 1969; Miller & Wolin, 1974) , with anaerobic pressure tubes capped with thick butylrubber stoppers used for all of the incubations. Uninoculated controls, with or without an electron donor, were also prepared. With both novel strains, after 7 days of incubation, the inoculated tubes containing lactate or glucose showed visible turbidity but the tubes containing acetate showed no such signs of bacterial growth. When iron reduction was monitored spectrophotometrically, in a ferrozine assay of HCl-extractable ferrous ions (Lovley & Phillips, 1986) , strong iron-reduction activity was observed (with both novel strains) in the presence of ferric citrate or ferric pyrophosphate. However, ferric EDTA and ferrihydrite could only be weakly reduced by the novel strains. Dissimilatory iron reduction is a common property of species in the genus Shewanella, including S. vesiculosa M7 T , All strains are facultatively anaerobic, catalase-and oxidase-positive and able to reduce nitrate to nitrite, but do not form nitrogen gas from nitrite. All utilize maltose and malic acid, produce acid from cellobiose, maltose and glucose and have alkaline phosphatase, esterase lipase (C8), leucine arylamidase, valine arylamidase, acid phosphatase and naphthol-AS-BI-phosphohydrolase activities. pH range 4.5-9 4.5-9 6-8.5 6-9.5 ND Sodium ion requirement + + 2 2 2 Growth with 5 % NaCl 2 2 + + + Growth temperature ( u C) 4-28 4-28 4-30 4-20 14-27 Production of acid:* Amygdalin 2 2 ), using the method described by Ezaki et al. (1989) . The genomic DNA of each strain was extracted using a genomic DNA extraction kit (Solgent), biotinylated with photobiotin and hybridized with single-stranded unlabelled chromosomal DNA fragments of the other strains. The mean values, from three independent determinations, of DNA-DNA relatedness between IR12
T and strain IR26, S. vesiculosa LMG 24424 T , S. livingstonensis LMG 19866 T and S. frigidimarina KCTC 22881 T were 85.6, 14.7, 27.1 and 57.7 %, respectively (Table S1 ). In current bacterial systematics, two strains that show a DNA-DNA relatedness value below 70 % are considered to represent two distinct species (Wayne et al., 1987) . The results of the phylogenetic analyses and DNA-DNA hybridization experiments indicate that strains IR12
T and IR26 belong to the same species and are distinct from the recognized species of the genus Shewanella.
On the basis of the morphological, physiological, chemotaxonomic, phylogenetic and genetic data, strains IR12 T and IR26 represent a single novel species, for which the name Shewanella arctica sp. nov. is proposed Description of Shewanella arctica sp. nov.
Shewanella arctica (arc9ti.ca. L. fem. adj. arctica from the Arctic, where the type strain was isolated).
Cells are psychrotolerant, Gram-staining-negative, facultatively anaerobic, oxidase-and catalase-positive, straight or curved rods (0.5-0.861.5-2.0 mm), each of which is motile by means of a single polar flagellum. When grown aerobically on MA, cells form circular colonies measuring 2.0-3.0 mm in diameter and with regular edges within 3 days. Growth occurs at 4-28 u C (optimum, 20 u C), at pH 4.5-9.0 (optimum, pH 7.5), and in the presence of 0.5-3.5 % (w/v) NaCl (optimum between 0.5 and 1.0 %). Requires sodium ions for growth. Reduces nitrate to nitrite, but nitrogen gas is not formed from nitrite. Positive for aesculin and casein hydrolysis and sulfide production but negative result in MR/VP tests and in tests for arginine dihydrolase, urease, indole production and hydrolysis of gelatin. Utilizes D-glucose, aesculin, cellobiose, maltose, malate, D-ribose and starch, but not 5-ketogluconate, D- 
N-acetyl-D-glucosamine, salicin, melibiose, trehalose, inulin, melezitose, raffinose, glycogen, xylitol, gentiobiose, D-lyxose, gluconate, 2-ketogluconate, caprate, adipate, citrate or phenylacetic acid. Positive result (in API ZYM tests) for alkaline phosphatase, esterase lipase (C8), leucine arylamidase, valine arylamidase, acid phosphatase and naphthol-AS-BI-phosphohydrolase activities but negative for esterase (C4), lipase (C14), a-and b-glucosidase, a-chymotrypsin, cystine arylamidase, trypsin, a-and b-galactosidase, bglucuronidase, N-acetyl-b-glucosaminidase, a-mannosidase and a-fucosidase activities. Acid is produced (in API 50CH tests) from D-glucose, aesculin, cellobiose, maltose and starch and (weakly) from sucrose. Acid is not produced from 5-ketogluconate, D- Able to grow anaerobically by reducing ferric citrate or ferric pyrophosphate while using DL-lactate or D-glucose as an electron donor. Sensitive to chloramphenicol and moderately sensitive to ampicillin, erythromycin and streptomycin, but resistant to penicillin G, tetracycline, kanamycin and gentamicin. Ubiquinone-7, ubiquinone-8 and menaquinone-7 are the major respiratory quinones. The major polar lipids are phosphatidylethanolamine and phosphatidylglycerol. The major cellular fatty acids are summed feature 3 (C 16 : 1 v7c and/or C 16 : 1 v6c) and C 16 : 0 .
The type strain, IR12
T (5KCTC 23109 T 5JCM 16723 T ), was isolated from Arctic marine sediment. The genomic DNA G+C content of the type strain is 40.0 mol%.
